The single-stranded telomeric DNA binding protein POT1 protects mammalian chromosome ends from the ATR-dependent DNA damage response, regulates telomerase-mediated telomere extension, and limits 5-end resection at telomere termini. Whereas most mammals have a single POT1 gene, mice have two POT1 proteins that are functionally distinct. POT1a represses the DNA damage response, and POT1b controls 5-end resection. In contrast, as we report here, POT1a and POT1b do not differ in their ability to repress telomere recombination. By swapping domains, we show that the DNA binding domain of POT1a specifies its ability to repress the DNA damage response. However, no differences were detected in the in vitro DNA binding features of POT1a and POT1b. In contrast to the repression of ATR signaling by POT1a, the ability of POT1b to control 5-end resection was found to require two regions in the C terminus, one corresponding to the TPP1 binding domain and a second representing a new domain located between amino acids (aa) 300 and 350. Interestingly, the DNA binding domain of human POT1 can replace that of POT1a to repress ATR signaling, and the POT1b region from aa 300 to 350 required for the regulation of the telomere terminus is functionally conserved in human POT1. Thus, human POT1 combines the features of POT1a and POT1b.
Mammalian chromosome ends associate with shelterin, the protein complex dedicated to telomere protection and homeostasis (reviewed in references 5 and 20) . The DNA of mammalian telomeres consists of long arrays of doublestranded (ds) TTAGGG repeats ending in a single-stranded (ss) protrusion of the 3Ј end, referred to as the 3Ј overhang. The 3Ј-overhang strand can invade the duplex part of telomeres, forming a lariat structure called the t-loop (8) . Three shelterin components interact with telomeric DNA. POT1 recognizes ss TTAGGG repeats and therefore can associate with the telomeric 3Ј overhang as well as with the displaced strand at the base of the t-loop. TRF1 and TRF2 cover the duplex part of telomeric DNA, and they recruit the other shelterin components Rap1, TIN2, and TPP1 to telomeres through protein-protein interactions. POT1 cannot localize to telomeres alone but instead requires heterodimerization with TPP1; this interaction is crucial for the association of POT1 with telomeres, as TPP1 tethers POT1 to TRF1 and TRF2 by a TPP1-TIN2 bridge and improves the DNA binding affinity of POT1 (12, 19, 26) .
Shelterin masks telomeres from the cellular machinery that recognizes and repairs DNA lesions. If shelterin function is perturbed, DNA damage response factors accumulate at telomeres, leading to the activation of the ATM and ATR kinase signaling pathways (2, 10, 15, 29) . Distinct components of shelterin independently repress ATM and ATR signaling: TRF2 is required to prevent ATM activation at telomeres, while POT1 represses the activation of ATR (16) . Dysfunctional telomeres trigger various DNA repair reactions and can be processed like dsDNA breaks through nonhomologous end joining or through homology-directed repair (HDR) (3, 24, 27, 29) .
The ss telomeric DNA binding proteins are key players in telomere protection and telomere length regulation. POT1 is highly conserved in fission yeast, plants, Caenorhabditis elegans, and vertebrates, and it is homologous to TEBP␣, the 3Ј-overhang binding protein of ciliates (1, 4, 7, 21, 23, 28) . Most vertebrates, including humans, possess a single POT1 gene. In contrast, a recent duplication of POT1 within the rodent lineage gave rise to two POT1 orthologs, referred to as POT1a and POT1b. The knockout of mouse POT1a and POT1b has revealed remarkable functional divergence despite their recent emergence (10) . POT1a is required to repress ATR activation at telomeres; POT1b is dispensable in this regard but can partially complement the loss of POT1a. On the other hand, POT1b regulates the nucleolytic processing of the 5Ј end, which is involved in 3Ј-overhang genesis. POT1b deficiency results in the excessive resection of the 5Ј end, leading to an increase of the 3Ј-overhang sequences as well as progressive telomere shortening (10, 11) . Like POT1a, human POT1 is required to hide telomeres from DNA damage surveillance, and it can complement the loss of POT1a at mouse telomeres if coexpressed with human TPP1 (hTPP1) (10, 13, 16, 25) . It has been speculated that POT1b harbors functions not conserved in its human homologue, as human POT1 does not complement POT1b in terms of the 3Ј-overhang regulation of mouse telomeres. However, human POT1 defines the 5Ј end of human telomeres, which usually has the sequence ATC-5Ј, presumably by either regulating the nuclease that trims the 5Ј end or protecting the sequence ATC-5Ј from nucleolytic degradation (13, 22) . Human POT1, therefore, may combine hallmarks of both POT1a and POT1b function, the repression of ATR, and the regulation of the nucleolytic processing of telomeres.
The molecular basis for the functional differences between POT1a, POT1b, and human POT1 is not understood, and their high degree of sequence conservation impedes predictions from sequence comparison. Two distinct functional regions of POT1 are currently recognized, and both are crucial for its function: an N-terminal DNA binding domain comprising two oligonucleotide/oligosaccharide-binding (OB) folds and a Cterminal domain that mediates the interaction with TPP1 (12, 14, 17, 19, 30) . However, no functional differences between POT1a and POT1b have been identified in these domains so far. The amino acid residues in the DNA binding domain of human POT1 that mediate its interaction with DNA are conserved in POT1a and POT1b, and N-terminal fragments of POT1a and POT1b were found to have similar DNA binding properties in vitro (9, 17) . Similarly, the TPP1 interaction domain is conserved between POT1a and POT1b, and both associate with mouse TPP1 with equal efficiency. While crossspecies interactions between human and mouse POT1 and TPP1 are poorly conserved, human POT1 can be efficiently recruited to mouse telomeres by the coexpression of hTPP1, arguing for the functional equivalence of the C termini of human and mouse POT1 proteins (12) .
We set out to dissect the functional differences between POT1a and POT1b. We demonstrate their equivalence in yet another aspect of telomere protection, the repression of homologous recombination, and show that they possess similar DNA binding preferences. Using a set of chimeras of the human and mouse POT1 proteins, we assess the individual contributions of the N-and C-terminal parts of POT1 to its function. We show that the DNA binding domains of POT1a or hPOT, but not POT1b, fused to any TPP1 interaction domain, can efficiently repress ATR activation at telomeres. In contrast, a novel function residing in the POT1b C terminus is required for the control of nucleolytic 5Ј-end resection, and this property is partially conserved in human POT1.
MATERIALS AND METHODS
Cell lines and chimeric POT1 alleles. The POT1a S/F , POT1b S/F , and POT1a/b double knockout (DKO) (POT1a S/F POT1b S/F ) mouse embryo fibroblasts (MEFs) were described previously (10) . POT1a S/F POT1b S/ϩ Ku70 Ϫ/Ϫ , POT1a F/ϩ POT1b S/F Ku70 Ϫ/Ϫ , and POT1a S/F POT1b S/F Ku70 Ϫ/Ϫ MEFs were derived by standard mouse crosses. All MEFs were immortalized with SV40-large T. The Cre-mediated conditional deletion of POTa, POT1b, and TRF2 in wild-type or Ku70 Ϫ/Ϫ MEFs that were immortalized with simian virus 40 large T antigen (SV40-large T) was performed through infection with retroviral Hit&Run Cre or adenoviral Cre (adenovirus 5-cytomegalovirus-Cre) as described previously (3, 10) . The cloning strategy of the POT1 alleles is described in Fig. S2 in the supplemental material. All alleles were cloned into pWzl-N-myc, providing an N-terminal myc tag, and introduced by retroviral infection as described previously (12) . Flag-tagged hTPP1 (12) was expressed from the pLPC-N-flag retroviral vector.
CO-FISH. The occurrence of telomere-sister chromatid exchanges (T-SCEs) at dysfunctional telomeres was monitored by chromosome orientation fluorescent in situ hybridization (CO-FISH) on mitotic cells collected 90 to 94 h after the deletion of POT1a, POT1b, or TRF2 with adenovirus 5-cytomegalovirus-Cre as described previously (3) . The fluorescent probes used were 6-carboxytetramethylrhodamine-TelG (5Ј-[TTAGGG] 3 -3Ј) and fluorescein isothiocyanateTelC (5Ј-[CCCTAA] 3 -3Ј). The principles of CO-FISH are schematized in Fig. 3 of reference 3.
Baculovirus-derived POT1a and POT1b and DNA binding assays. Full-length POT1a and POT1b were cloned as a BamHI-XhoI fragment into pFastBacHTb (Invitrogen), adding a His 6 tag to the N terminus. The generation of viral stocks and protein purification from 0.5 to 1.0 liter infected cells (48 h postinfection with a multiplicity of infection of 5) were performed following the manufacturer's recommendation. After purification, the protein was dialyzed against 20 mM HEPES (pH 7.9), 500 mM KCl, and 20% glycerol and stored in aliquots at Ϫ80°C. The protein concentration was determined by comparison to bovine serum albumin standards on Coomassie-stained gels.
All oligonucleotides were obtained from Sigma. Probes a, a3, and a5 were modeled on substrates described by Lei et al. (18) with an additional sequence change in a3 blocking the 5Ј POT1 recognition site. For ss probes, oligonucleotides were labeled at the 5Ј end with T4 polynucleotide kinase (New England Biolabs) and [␥- 32 P]ATP and purified through a G25 column. For dsDNA, oligonucleotides were annealed, purified by polyacrylamide gel electrophoresis, labeled with Klenow enzyme (Roche) and [␣- 32 P]dCTP, and purified through a G25 column. The labeled oligonucleotides were extracted with phenol-chloroform-isoamyl alcohol, precipitated with 0.2 M sodium acetate (pH 5.5) and 2 volumes of ethyl alcohol at Ϫ80°C, and dissolved in 10 mM Tris (pH 8.0).
Binding reactions were performed in 10 l of the following buffer: 50 mM Tris-HCl (pH 8.0), 0.1 mM dithiothreitol, 0.5% glycerol, 25 ng ␤-casein, 0.2 g sonicated and denatured Escherichia coli DNA (mean size, 400 nucleotides [nt]), and probes at a final concentration of 0.5 nM. The protein was added last, and the mixture was incubated for 30 min at room temperature. A range of 0.156 to 40 nM of protein was used. Electrophoresis was performed with 0.8% agarose gels run in 0.2ϫ Tris-borate-EDTA. The gels were run for 55 min at 140 V, fixed in 20% methanol-10% acetic acid, dried on Whatman DE81 paper at 80°C, and exposed on phosphorimaging screens.
Immunoblotting and immunofluorescence. Immunoblotting and immunofluorescence were performed as described previously (12) . The myc epitope tag of retrovirally transduced POT1 variants was detected using mouse anti-myc 9E10 (Sigma); retrovirally transduced Flag-tagged hTPP1 was detected using either rabbit anti-hTPP1 (1151) or mouse anti-Flag M2 (Sigma). Immunofluorescence (IF) against TRF1 was performed using rabbit anti-mouse TRF1 (644). Telomere dysfunction-induced foci (TIFs) were monitored using mouse anti-␥H2AX (Upstate Biotechnology, Lake Placid, NY) and rabbit anti-53BP1 (Novus).
Telomeric overhang assay. Telomeric overhangs were analyzed as described previously (2) (see Fig. S6 in the supplemental material for a schematic of the method). Overhang signals were measured 5 to 6 days after the deletion of POT1 genes through infection with Hit&Run Cre.
RESULTS
Repression of telomere recombination by POT1a and POT1b. Given their previously noted functional differences, we considered the possibility that POT1a and POT1b might also be distinct in their ability to repress HDR, another process presumed to involve the ssDNA at telomeres. HDR at telomeres can be detected by measuring T-SCEs. The Cre-mediated deletion of POT1a and POT1b from POT1a/b DKO MEFs did not result in a significant increase in the frequency of T-SCEs (Fig. 1B) (P ϭ 0.184; six experiments; n ϭ 1,000 chromosome ends/experiment). The individual deletion of POT1a or POT1b also did not induce T-SCEs (data not shown). We previously showed that T-SCEs at telomeres are repressed by two parallel pathways, one involving Ku70 and the second involving TRF2 (3). We therefore tested whether T-SCEs were similarly repressed by both the Ku70 and POT1 proteins. Accordingly, we generated POT1a S/F POT1b S/F
Ku70
Ϫ/Ϫ cells and tested their frequency of T-SCEs before and after the deletion of POT1a and -b. In the Ku70 Ϫ/Ϫ setting, the deletion of POT1a and -b resulted in a high rate of T-SCEs, comparble to the phenotype of TRF2 deletion from Ku70 null cells (Fig. 1A , B, and C). To determine the relative contributions of POT1a and POT1b to the repression of T-SCEs in Ku70
Ϫ/Ϫ cells, we generated Ku70 Ϫ/Ϫ MEFs from which either POT1a or POT1b could be deleted. The deletion of either POT1a or POT1b did not induce T-SCEs in Ku70 Ϫ/Ϫ cells, whereas the deletion of both proteins from cells processed in parallel again showed a high incidence of T-SCEs (Fig. 1C) . These results indicate that both POT1a and POT1b have the ability to repress T-SCEs and that telomere-telomere recombination is unleashed only in Ku70-deficient cells that also lack either TRF2 or both POT1 proteins. DNA binding features of POT1a and POT1b. Previous biochemical analysis of the DNA binding features of POT1a and POT1b showed that both proteins were proficient in binding to ssDNA substrates with the 12-nt sequence GGTTAGGG TTAG at the 3Ј end (9) . Because these studies were largely limited to 12-or 10-nt substrates and used truncated POT1 proteins representing the N-terminal DNA binding domains, we extended the analysis to full-length proteins and tested additional substrates. Full-length, N-terminally His 6 -tagged mouse POT1a and POT1b were isolated from baculovirusinfected insect cells and used in gel-shift experiments. Both proteins bound telomeric substrates with approximately equal affinity (K d of ϳ0.5 nM). In particular, the substrate with two overlapping sites and the substrate with one site at the 3Ј end were equally bound by POT1a and POT1b, while a probe with the site at the 5Ј end was a poor substrate for both proteins ( Fig. 2 and data not shown).
As POT1b, but not POT1a, has the ability to protect the 5Ј end from resection, we tested the interaction of the POT1 proteins with probes containing an ss-ds junction. The probes carried a short 3Ј overhang with a single, nonterminal POT1 site. A control probe lacking a POT1 site in the 3Ј overhang was not bound by POT1a or -b (data not shown). The 5Ј end of the duplex part of the probes was either the ATC-5Ј ending found at human telomeres or other endings in the C-strand sequence ( Fig. 3 ; see also Fig. S1 in the supplemental material). Both POT1a and POT1b can bind probes with the presumed natural ATC-5Ј ending and the first ss nucleotide (G) next to the ds-ss junction was important for the interaction (Fig. 3A and D) . When this G residue was changed to a C or base paired with the C-strand, binding was less efficient (Fig.  3A, B, and D) . This result is consistent with the observation that a 12-nt GGTTAGGGTTAG probe is a better substrate for POT1a and POT1b than a 10-nt probe lacking the 5Ј GG (9). POT1a and POT1b did not appear to recognize the ds-ss junction, since probes ending on AAT-5Ј and CAA-5Ј were recognized as effectively as the ATC-5Ј probes (Fig. 3C and D) .
Thus, assuming that mouse telomeres end the same way human telomeres do, POT1a and POT1b can bind the natural structure of the telomere terminus in which the binding site immediately flanks the ds-ss junction. However, they are im- paired in binding at the junction if the 5Ј end has the sequence TCC-5Ј, CCC-5Ј, or CCA-5Ј, presumably due to a requirement for unpaired nucleotides immediately 5Ј of the POT1 binding site. POT1a and -b did not reveal striking differences in their interactions with the ds-ss probes except that POT1a appeared slightly impaired in its binding to probes with junctions further from its binding site (Fig. 3C and D, Telo2 and Telo3). Further biochemical and structural analysis of POT1a and -b in conjunction with TPP1 and TIN2 may shed light on whether these two forms of POT1 have significant distinctions in their interactions with DNA. Chimeras of human POT1, POT1a, and POT1b. As the biochemical analysis did not reveal an obvious difference that might explain the distinct functions of POT1a and POT1b, we took a domain-swapping approach to map the regions responsible for their differences. We included human POT1 in this approach. Ten chimeras were created carrying the DNA binding domain of one POT1 protein and the C terminus of another ( . All chimeras were detectable, but chimeras containing sequences derived from POT1a were generally more abundant. The expression level of POT1b was invariably low. The expression level of human POT1 and chimeras containing the human POT1 C terminus were also low, but in this case, the coexpression of hTPP1 stabilized the protein, resulting in an expression level comparable to that of POT1a (Fig. 4C) . The improved expression of human POT1 (or chimeras with the human C terminus) by coexpression with TPP1 is in agreement with previous data (12, 26) .
All chimeras had the ability to localize to telomeres as deduced from IF analysis for colocalization of the myc-tag signals with TRF1 (Fig. 4D) . For the chimeras containing the C terminus of human POT1, coexpression with hTPP1 was required for telomeric localization (Fig. 4D and data not shown) .
Deletion of both POT1a and -b results in diminished proliferation of MEFs even if they are transformed with SV40-large T. Previous data indicated that either POT1a or POT1b were sufficient to sustain normal proliferation. In agreement, all POT1a/b chimeras were able to rescue the proliferation defect of DKO cells (Fig. 5) . Expression of POT1b alone was slightly less effective in this regard, probably owing to the low expression level (Fig. 5E and 4B) . Human POT1 and all chimeras containing human POT1 sequences also rescued the growth defect, provided that hTPP1 was present for those proteins containing the C terminus of human POT1.
Repression of ATR signaling depends on the DNA binding domain. Previous data showed that POT1a and POT1b differ in their ability to repress DNA damage signaling at telomeres, POT1b being less effective than POT1a. Human POT1, when provided with hTPP1, was equally as effective as POT1a in repressing the occurrence of TIFs at the chromosome ends of POT1 DKO cells (10, 12) . We tested the chimeric proteins for their capacity to repress the DNA damage response by monitoring the formation of ␥-H2AX and 53BP1 foci at telomeres ( Fig. 6A ; see also Fig. S4 in the supplemental material) . No telomeric ␥-H2AX or 53BP1 foci occurred in the POT1 DKO cells before treatment with Cre (data not shown), indicating that none of the proteins acted as a dominant-negative allele. As expected, Cre-treated POT1 DKO cells containing POT1a or human POT1 showed a strong reduction in the incidence of TIFs compared to the vector control (Fig. 6A) . When POT1a or human POT1 were present, less than 20% of the Cretreated DKO cells contained more than 10 TIFs. The HA chimera and the AH chimera combined with hTPP1 were also effective in protecting the telomeres from ATR signaling. In addition, chimeras containing the C terminus of POT1b and the DNA binding domain of POT1a or human POT1 were effective in telomere protection. In contrast, all chimeras containing the DNA binding domain of POT1b were much less capable of repressing the ATR pathway (Fig. 6A ). This difference was not due to diminished expression levels. For instance, AH and BH are expressed at the same level ( Fig. 4C and data not shown), but only the former reduces the TIF response to near the background level. Similarly, BA is expressed at a higher level than HB, yet the cells show a stronger TIF response. Furthermore, in cells expressing BH together with hTPP1, there were 53BP1 foci at telomeres that contained both hTPP1 and the BH chimera (see Fig. S4 in the supplemental material). These data indicate that the ability of POT1 proteins to repress ATR signaling is in part a feature of their DNA binding domains (Fig. 6B ). OB1 and OB2 of human POT1 and POT1a are efficient repressors of ATR signaling, regardless of the C terminus of the chimeras. The N terminus of POT1b, while not completely deficient in this attribute, is less potent as a repressor of ATR signaling.
The C terminus of POT1b specifies its ability to limit 5-end resection. In the absence of POT1b, telomeres shorten faster and carry excessively long 3Ј overhangs (10, 11) . Previous data had shown that POT1b, but not POT1a or human POT1, can block this inappropriate processing of the telomere terminus (12) . We tested all chimeras to map the domains in POT1b responsible for this attribute. Chimeric proteins were introduced into conditional POT1b cells (POT1b S/F ), and the change in the 3Ј-end structure was monitored by in-gel analysis 5 to 6 days after the deletion of POT1b ( Fig. 7 ; see also Fig. S5 and S6 in the supplemental material). In addition, the chimeras were introduced into POT1 DKO cells, and the assay was repeated in the absence of both endogenous POT1 proteins (see Fig. S5 in the supplemental material) . The data are summarized in Fig. 8 .
As expected, POT1b but not POT1a or a mutant of POT1b that lacks DNA binding activity (F62A [7; data not shown]), restored the ability of cells to maintain the normal structure of the telomere terminus. The only POT1a/b chimera that shared this ability with full-length POT1b was AB2. Variations in the expression of the chimeric proteins did not appear relevant since POT1b is fully proficient at repressing 5Ј-end resection while being expressed at the lowest level of all introduced proteins. Therefore, the difference between POT1a and POT1b resides in the C-terminal half of the protein. As chimera AB is much less effective than AB2 in repressing 5Ј-end resection, a region between positions 300 and 350 is relevant to this function. In agreement with the importance of the Cterminal half of POT1b for the regulation of the telomere terminus, a chimeric protein bearing the POT1b OB folds and the C terminus of POT1a (BA) acted as a dominant-negative allele in several experiments ( Fig. 8; see Fig. S5 in the supplemental material), inducing an increase in the 3Ј-overhang signal even when endogenous POT1b was present.
Chimeras containing the POT1b C terminus and the N terminus of human POT1 were also capable of restoring normal overhang metabolism. Both HB and HB2 were effective, indicating that the 300 to 350 domain of POT1b needed for this FIG. 4 . Structure, expression, and localization of POT1 chimeras. (A) POT1a, POT1b, and human POT1 (hPOT1) were divided into N-and C-terminal parts between the second OB fold of the DNA binding domain and the TPP1 interaction domain and fused together according to the six possible permutations. In the schematic depiction, red corresponds to POT1a, green to POT1b, and blue to human POT1. For one set of POT1 chimeras (AB, AH, BA, BH, HA, and HB), the swapping of the domains takes place at aa 350 (POT1a and POT1b) or aa 344 (human POT1). The domain swap of a second set of chimeras (AB2, AH2, HA2, and HB2) takes place at the very end of the second OB fold at aa 301 (POT1a) and aa 299 (human POT1). (B) Immunoblot on cells expressing POT1a, POT1b, human POT1, or POT1 chimeras. MEFs conditionally targeted for POT1a and POT1b (POT1a S/F POT1b S/F ) were infected with pWZL-N-myc-POT1 or vector (pWZL) and cell extracts prepared after hygromycin selection. (C) Immunoblot on cells expressing POT1b or POT1 chimeras and if indicated hTPP1. MEFs conditionally targeted for POT1b (POT1b S/F ) were infected with pWZL-N-myc-POT1 or vector (pWZL) and selected with hygromycin. Cells were then infected with pLPC-N-flag-hTPP1 or vector (pLPC), and cell extracts prepared after puromycin selection. AB2Ј-expressing cells represent an independent infection of POT1b S/F MEFs with AB2. The asterisk indicates a nonspecific band. (D) IF on cells expressing POT1a, POT1b, human POT1, or chimeric POT1 proteins. hTPP1 was introduced into the POT1a S/F POT1b S/F MEFs depicted in panel B that were expressing POT1 constructs with the C terminus of human POT1; otherwise, cells were infected with empty vector (pLPC). Endogenous POT1a and POT1b were deleted with adenoviral Cre. Cells were analyzed by IF for the myc epitope tag of the POT1 variants (green) and TRF1 (red) and counterstained with DAPI (4Ј,6-diamidino-2-phenylindole; blue). Similar results were obtained for wild-type cells (data not shown), but the telomeric accumulation of ectopic POT1 variants in the presence of endogenous POT1 was lower overall. Antibodies used for the experiments depicted in panels B to D are 9E10 for myc, M2 for Flag, 644 for TRF1, 1151 for TPP1, and GTU88 for ␥-tubulin (␥-tub).
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by on December 29, 2008 mcb.asm.org function can be replaced by the human counterpart. As noted above for BA, HA and HA2 often had a dominant-negative effect, increasing the overhang signal in the presence of the endogenous POT1b ( Fig. 7 and 8 ; see also Fig. S5 in the supplemental material). Thus, human POT1 contains one of the two POT1b-specific determinants of telomere terminus processing.
DISCUSSION
In contrast to humans and other mammals, rodents contain two functionally distinct POT1 proteins as a result of a gene duplication. Among the mammalian genes involved in basic genome maintenance, such variation is unusual, warranting the current study on the similarities and distinctions between the mouse POT1 genes on the one hand, and the human gene on the other. Furthermore, definition of the similarities and differences of the mouse and human POT1 proteins is crucial for attempts to model human telomere biology and telomerebased diseases in mice.
Prior to this work, two functional domains were recognized in POT1: an N-terminal DNA binding domain and a C-terminal TPP1 interaction domain that serves to target POT1 to telomeres. Previous data had shown that POT1a and POT1b show no overt differences in their interaction with TPP1 (9, 12) , and the data reported here do not reveal substantial differences in the DNA binding features of POT1a and POT1b. In particular, POT1a and POT1b bind equally well to their recognition site at a 3Ј end, at a 5Ј end, and when positioned near an ss-ds junction, suggesting that both proteins can bind all along the 3Ј overhang and to ss telomeric DNA in a D loop.
Despite these results, we consider it possible that POT1a and POT1b are dissimilar in some aspect of their interaction with DNA that is not probed by the in vitro studies presented here.
The differences between POT1a, POT1b, and human POT1 were, however, revealed by a domain-swapping approach. The experiments showed that the nature of the N terminus of POT1 determines its capacity to repress ATR activation: chimeras with the N terminus of POT1a or human POT1 completely suppress the DNA damage response in mouse cells from which the endogenous POT1 proteins are deleted. In contrast, chimeras with the POT1b N terminus only partially protect telomeres from a DNA damage response, similarly to POT1b. The C termini of POT1a, POT1b, and human POT1 are functionally equivalent in terms of the repression of ATR activation at telomeres, acting mainly as a recruitment domain by interacting with TPP1 and thus mediating the association of POT1 with the rest of shelterin. Given the lack of differences in the DNA binding features of POT1a and POT1b, an aspect of the N-terminal domain other than 3Ј-overhang binding may contribute to ATR repression. Alternatively, the two proteins may have different DNA binding features when associated with the other shelterin components. For instance, recent work showed that hTPP1 improves the affinity of human POT1 for its DNA substrate (26); therefore, mouse TPP1 might modulate the DNA binding properties of POT1a and POT1b in distinct ways. It has been proposed that POT1 inhibits ATR activation by blocking the access of RPA to the 3Ј overhang (12, 16) . According to this model, the only prerequisite for POT1 to inhibit a DNA damage signal at telomeres is its ability to bind the telomeric overhang with a higher affinity than that of RPA. Although POT1a and POT1b do not differ in their FIG. 5 . Chimeric POT1 proteins suppress the growth defects of POT1a and POT1b DKO cells. Growth curves of MEFs conditionally targeted for both POT1a and POT1b (POT1a S/F POT1b S/F ) expressing the different POT1 variants and, if indicated, hTPP1 after the deletion of endogenous POT1a and POT1b with adenoviral Cre. The growth curves depicted in panels A to D were acquired in parallel and in duplicate; the growth curves depicted in panels E to G were acquired in parallel and in triplicate. (H) Summary of the capability of human and mouse POT1 proteins and their chimeras to rescue cell proliferation in POT1a and POT1b DKO MEFs. ϩϩ, efficient suppression of growth defects (comparable to POT1a); ϩ, partial suppression of growth defects; Ϫ, no suppression of growth defects.
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by on December 29, 2008 mcb.asm.org affinity and specificity for ss telomeric DNA, POT1a may prevent RPA binding to the 3Ј overhang through a different mechanism. The domain-swapping experiments also revealed a critical role of the POT1b C terminus for the protection of mouse telomeres from excessive 5Ј-end resection. POT1 chimeras with the POT1b C terminus and any DNA binding domain of the human or mouse POT1 proteins can complement the loss of endogenous POT1b, while chimeras with the POT1a or human POT1 C terminus fail to do so. The simplest explanation for these findings is a novel domain in the C terminus of POT1b, which is not conserved in POT1a. The location of this domain was deduced based on chimeras that differ in a region between the DNA binding and the TPP1 interaction domain from amino acids (aa) 300 to 350. Our data show that this domain is critical for POT1b function, and while its molecular properties are as yet undetermined, we envision that it might be an interface for the interaction with either an unknown protein or telomeric DNA. Through this novel domain, POT1b conceivably regulates or inhibits the putative nuclease involved in 5Ј-end resection, or another factor upstream in the pathway, which regulates this nuclease. However, a two-hybrid screen with POT1b did not reveal POT1b-specific interaction partners (W. Palm, T. Kibe, and T. de Lange, unpublished data). Human POT1 and POT1b are functionally equivalent in the region between aa 300 to 350, as both HB and HB2 can substitute for POT1b, revealing a partial functional conservation of POT1b and human POT1, but not POT1a, with regard to the regulation of 5Ј-end resection. Human POT1 sequences do not have the ability to replace the second C-terminal domain of POT1b needed for the proper structure of the telomere terminus. The basis for this distinction may lie in human POT1 itself or its interaction with other shelterin components.
The data presented here allow for the drawing of first conclusions in terms of the functional divergence of POT1a and POT1b and their evolutionary relationships to human POT1. It is reasonable to assume that a duplication of the ancestral mammalian POT1 gene in rodents alleviated the selection pressure to retain all of the functions required of telomeric 3Ј-overhang binding proteins in both copies of POT1. Because ATR activation at telomeres is completely repressed by POT1a, it was possible for POT1b to lose this function. On the other hand, POT1a is not required to regulate the terminal chromosome structure, as POT1b executes this task. The du- from Ku70 Ϫ/Ϫ cells leads to an elevated frequency of T-SCEs, whereas the presence of any of the three proteins at telomeres grants full protection from HDR. The T-SCE rate of POT1 DKO cells deficient for Ku70 is comparable to the T-SCE rate of cells deficient for TRF2 and Ku70. It remains to be determined whether the role of TRF2 in this pathway is simply to recruit POT1a or POT1b. We note that POT1 and TRF2 block HDR at telomeres to a similar extent, whereas the nonhomologous end joining of telomeres is primarily suppressed by TRF2, with POT1 being largely dispensable in this regard (2, 3, 10) .
Our studies indicate that human POT1 combines specific attributes of POT1a and POT1b. Human POT1 can repress ATR signaling when positioned at mouse telomeres and has one of the regions required for regulation of the 5Ј-end resection of POT1. The fact that human POT1 defines the 5Ј end of human telomeres suggests that a POT1b-like function indeed exists in human POT1 and that 5Ј-end resection in human cells may also be limited by POT1. This conclusion is relevant to human disease states that involve shortened telomeres such as dyskeratosis congenita (reviewed in reference 6). The enhanced telomere shortening associated with POT1b deficiency in mice results in phenotypes resembling dyskeratosis congenita (11) . The demonstration that human POT1 shares a critical domain with POT1b suggests that mutations in human POT1 that affect this function could also lead to inappropriate telomere shortening. An examination of the POT1 gene in cases of dyskeratosis congenita with no known genetic basis may therefore be prudent. The primer pairs fw1, bw1 and fw2, bw2 were used for PCR amplification of the N-terminal and C-terminal parts, respectively of the different POT1 proteins. The part of each primer, which is complementary to the nucleotide sequence of the respective POT1 gene, is written in capital letters. The part of each primer written in lowercase letters contains four initial unspecific nucleotides followed by the restriction site used for subsequent insertion into the vector.
SUPPLEMENTAL FIGURES

Supplemental Figure 5. Additional telomeric overhang blots of cells expressing POT1 chimeras
(A) In-gel overhang assay of MEFs conditionally targeted for POT1a and POT1b (POT1a S/F POT1b S/F ) expressing POT1a, POT1b, human POT1 or POT1 chimeras. Cells were retrovirally transduced with the indicated POT1 variants in pWZL-N-myc or vector control (pWZL) and selected with hygromycin. POT1a and POT1b were deleted using Hit&Run Cre and overhang length was determined 5 days after the application of Cre. (B) Quantification of the overhang signals of the cells depicted in (A). (C) In-gel overhang assay of MEFs conditionally targeted for POT1b (POT1b S/F ) expressing POT1b or POT1 chimeras. Cells were retrovirally transduced with the indicated POT1 variants in pWZL-N-myc or vector control (pWZL) and selected with hygromycin. POT1b was deleted using Hit&Run Cre and overhang length was determined 6 days after the application of Cre. (D) Quantification of the overhang signals of the cells depicted in (C). The cells described in (A) and (C) did not express human TPP1, so that POT1 variants with the human TPP1 interaction domain (human POT1, AH, BH) were not recruited to telomeres in this experiment. AB2' expressing cells represent an independent infection of POT1b S/F MEFs with AB2.
Supplemental Figure 6 . In-gel overhang assay for the quantification of the telomeric 3' overhang Schematic overview of the in-gel overhang assay. Telomeric DNA is separated by CHEF electrophoresis and hybridized with a 32 p-γATP end-labeled TelC probe ([CCCTAA]4). The amount of single-stranded telomeric DNA was determined by hybridization under native conditions, when only the unpaired 3' overhang is accessible to the TelC probe. Subsequently, the DNA was denatured and again hybridized with the TelC probe, yielding the amount of total telomeric DNA. Red boxes in the phosphoimager images show the regions used for the quantification of 3' overhang (native) and total telomeric DNA (denatured). Quantified overhang signals are normalized to the total telomeric signal of the same lane. In each experiment, the normalized overhang signal of the vector control -Cre was arbitrarily set to 1 and the other values given relative to this control.
